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abstract 


Our  work  has  been  concentrated  on  both  a  vertical  alignment  of  single-walled  carbon  nanotubes 
(SWCNTs)  using  electrophoretic  deposition  and  an  aligned  growth  of  SWCNTs  on  selectively 
deposited  metal  nanoparticles  on  modified  substrate  using  thermal  chemical  vapor  deposition 
(CVD).  In  the  field  of  electrophoresis,  the  mechanism  of  SWCNTs  behavior  in  the 
electrophoresis  cells  and  vertical  alignment  of  SWCNTs  by  ultra  sonication  treatment  are 
investigated.  And  the  effect  of  mixture  voltage  of  AC  and  DC  to  the  elimination  of  carbon 
impurity  from  the  surface  and  inside  of  vertically  aligned  SWCNTs  films  during  the 
electrophoretic  deposition  process  was  investigated.  In  the  field  of  synthesis  of  carbon  nanotubes 
(CNTs),  the  selective  attachment  of  catalytic  metal  nanoparticles  on  chemically  modified  Si 
substrate  was  performed.  The  vertically  aligned  SWCNTs  are  successfully  synthesized  on 
chemically  modified  MgO/Si  substrate  using  thermal  CVD.  The  effect  of  NH3  pretreatment  to 
the  synthesis  of  SWCNTs  was  also  investigated.  Various  analytical  methods  such  as  AFM,  SEM, 
and  Raman  enabled  the  characterization  of  the  CNTs. 


I  ntroduction 

CNTs  are  tubular  carbon  molecules  with  properties  that  make  them  potentially  useful  in 
extremely  small-scale  applications.  They  exhibit  unusual  strength  and  unique  electrical 
properties.  Accordingly,  the  number  of  both  specialized  and  large-scale  applications  is  growing 
constantly,  including  their  use  as  conductive  and  high-strength  composites,  energy  storage  and 
energy  conversion  devices,  sensors,  field  emission  displays  and  radiation  sources,  hydrogen 
storage  media,  nanometer-sized  semiconductor  devices,  probes,  interconnects,  etc. 

To  apply  such  SWCNTs  to  various  technologies,  well-aligned  carbon  nanotubes  are  desirable. 
To  date,  there  have  been  a  number  of  efforts  for  aligning  carbon  nanotubes  with  direct  growth 
methods  like  CVD  method.  And,  various  methods  for  aligning  chemically  functionalized  CNTs, 
such  as  self-assembly  methods,  hydrophilic/hydrophobic  interactions  and  electrochemistry,  have 
also  been  introduced  because  of  their  simplicity  at  ambient  temperature  and  their  applicability  to 
relatively  large  areas.  Recently,  a  direct  current  (DC)  electrodeposition  method  has  been  applied 
to  forming  CNT  films  efficiently  on  substrates.  The  CNT  films  with  high  density  produced  by  an 
electrodeposition,  however,  are  randomly  aligned  and  also  pressured  by  strong  electric  field, 
resulting  in  almost  flat  CNT  films  accumulated  with  high  randomness  of  orientation  which  limits 
their  applications.  Therefore,  it  is  very  important  to  demonstrate  the  chemical  functionalization 
of  CNTs,  their  attachment  with  controllable  processes,  and  vertical  alignments  of  CNTs. 

On  the  other  hand,  some  integrated  nanoelectronic  devices  consist  of  semiconducting  SWCNTs 
by  removing  conducting  SWCNTs  from  the  as-grown  SWCNTs  were  reported.  But,  the  selective 
synthesis  of  conducting  or  semiconducting  SWCNTs  has  not  been  reported  yet.  The  electrical 
property  of  SWCNTs  is  primarily  dependent  on  their  diameter  and  chirality.  Furthermore  the 
diameter  of  SWCNTs  largely  depends  on  the  size  of  the  catalytic  metal  nanoparticles,  from 
which  it  is  grown  in  a  CVD  process.  Thus,  to  achieve  uniform  electrical  properties  for  SWCNTs, 
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it  is  critical  to  have  a  narrow  size  distribution  of  the  catalyst  nanoparticles.  The  selective 
deposition  of  catalytic  metal  nanoparticles  is  also  important  to  the  integration  of  SWCNTs  into 
nanoelectronic  devices. 


^Vpproaches  and  results 


1.  The  mechanism  of  SWCNTs  behavior  in  the  electrophoresis  cells  and  vertical  alignment. 
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Figure  1.  Schematic  view  of  (a)  electrophoretic  method  and  (b)  the  electrodeposition  of  COCl- 
SWCNTs  in  dimethyl formamide. 


Figure  1(a)  shows  a  simple  schematic  of  a  setup  for  electrodeposition.  And  Figure  1(b)  suggests 
the  electrodeposition  process  of  SWCNTs-COCl  in  dimethyl  formamide.  When  an  electric  field 
was  applied  to  the  SWCNT  suspension,  the  SWCNT  aggregates  were  produced  immediately  in 
the  suspension.  The  SWCNTs-COCl,  however,  were  well  dispersed  in  dimethyl  formamide 
(DMF)  before  applying  an  electric  field.  Since  the  stability  in  dispersion  usually  decreases  with 
increasing  ionic  concentration,  it  is  suggested  that  chloride  ions  are  produced  by  dissociating 
from  acid  chloride  groups  on  SWCNTs  under  the  influence  of  DC  field.  In  the  middle  space 
between  two  electrodes,  the  polarized  SWCNTs  under  an  electric  field  are  stabilized  in  charge 
due  to  the  compensation  of  chloride  ions  as  shown  in  Figure  1(b)  (A:  middle  space).  The 
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SWCNTs  near  both  electrodes  migrated  with  a  high  speed  toward  the  electrodes,  caused  by  a 
strong  charge  interaction.  On  the  cathode  terminated  with  amine  groups,  a  uniform  SWCNT  film 
was  formed  with  a  covalent  bond  as  shown  in  Figure  1(b)  (B:  cathode).  After  prolonged 
deposition  time,  the  coagulated  SWCNTs  were  difficult  to  be  deposited  on  the  electrode  because 
of  its  irregular  shape.  The  dissociated  chloride  ions,  Cf,  migrate  toward  the  positive  electrode. 
The  increase  in  the  concentration  of  chloride  ions  near  the  anode  resulted  in  the  assembly  of 
SWCNTs  in  a  bundle  as  shown  in  Figure  1(b)  (C:  anode). 
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Figure  2.  Schematic  illustration  of  the  formation  of  SWCNT  film  in  a  dc  field  and  the 
perpendicular  alignment  of  SWCNT  bundles  under  the  influence  of  sonication.  (a)  Actual  cells 
containing  a  SWCNT  suspension  after  applying  an  electric  field  between  two  electrodes 
separated  by  a  0.8cm  gap.  (b)  SEM  image  of  as-prepared  SWCNT  film  formed  on  a  gold 
electrode  by  applying  an  electric  field  at  150  V  for  10  min.  SEM  images  of  the  SWCNT  film 
which  remained  on  an  gold  electrode  after  ultrasonication  for  2  min  (c)  and  3  min  (d), 
respectively. 
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Figure  2  suggests  the  mechanism  of  the  electrodeposition  of  SWCNT  bundles  and  their 
perpendicular  alignment  by  the  assistance  of  sonication.  Process  a,  SWCNTs  are  aligned  parallel 
to  an  electric  field  in  suspension  and  are  deposited  perpendicular  to  an  electrodes  under  an 
applied  electric  field.  Process  b,  SWCNT  film  is  formed  with  a  compressed  form  of  SWCNT 
bundles  in  a  few  minutes.  Process  c,  more  SWCNTs  are  physically  adsorbed  and  densely  packed 
by  a  strong  electric  field  for  a  prolonged  adsorption  time.  Process  d,  weakly  and  physically 
adsorbed  SWCNT  bundles  are  detached  at  the  beginning  of  sonication.  Process  e,  SWCNT 
bundles  are  reassembled  by  self-packing  under  the  influence  of  ultrasonic  wave.  Process  f, 
further  desorption  is  caused  by  prolonged  sonication.  We  suggest  here  that  densely  deposited  and 
compressed  SWCNT  bundles,  which  adhere  via  hydrophobic  interactions,  are  annealed  and 
aligned  by  ultrasonication.  With  increasing  ultrasonication  time,  smaller  SWCNTs  with  narrower 
diameter  distributions  appeared  on  the  electrode  due  to  desorption  of  bulky  SWCNTs,  as  shown 
in  Figures  2(c)  and  (d).  Furthermore,  we  found  that  the  SWCNT  bundles  were  well  distributed 
with  uniform  space  between  them  and  were  mostly  aligned  normal  to  the  surface  after  3  min 
ultrasonication  as  shown  in  Figure  3.  This  method  for  aligning  SWCNTs  normal  to  the  surface  is 
comparable  to  CVD  method  or  screen  printing  methods  by  which  SWCNT  films  have  been 
fabricated  predominantly  to  date. 


Figure  3.  Tilted  SEM  image  of  vertically  aligned  SWCNT  films  formed  on  a  gold  substrate  after 
ultrasonication  for  3  min. 


2.  Electrophoretic  deposition  of  vertically  aligned  SWCNTs  with  a  mixture  of  AC  and  DC 
voltage. 

2-1.  Particle  removal  by  effect  of  AC  voltage 

The  electrodeposition  by  AC  voltage  was  accomplished  to  compare  with  the  effect  of  DC  voltage. 
The  gap  distance  between  two  electrodes  were  become  narrow  by  0.1  mm.  AC  voltage  of  10  Vp-p 
was  applied  with  a  frequency  of  10  kHz,  100  kHz,  1  MHz  and  10  MHz,  respectively.  As  the 
frequency  added  on  electrode  was  increased,  particles  or  impurities  were  removed  and  only 
SWCNTs-COCl  was  attached,  as  shown  in  Figure  4,  because  the  polarity  of  electric  field  is 
periodically  shifted  in  AC  voltage.  Contrary  to  this,  SWCNT  films  were  formed  by  electric  field 
of  DC  voltage  in  gap  having  lOOum.  Gold  substrates  were  covered  with  thick  SWCNT  films  as 
shown  in  figure  5. 
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Figure  4.  SEM  images  of  the  attached  SWCNTs  in  condition  of  AC  electric  field.  Under  the 
voltage  of  10  Vp.p, frequency  was  added  by  (a)  10  kHz,  (b)  lOOkH,  (c)  1MHz  and  (d)  10  MHz. 


Figure  5.  SEM  image  of  the  SWCNTs  film  formed  by  electrodeposition  of  DC  voltage  in  gap 
having  100  um  for  10  min. 


2-2.  Adsorption  of  SWCNTs  by  the  combined  electric  field  of  DC  and  AC  voltage 

A  combined  electric  field  of  DC  voltage  of  10  ~  40V  and  AC  voltage  of  lOVp-p  with  a 
frequency  of  1  MHz  was  used  to  adsorb  SWCNTs  on  substrate.  Figure  6  shows  SEM  images  of 
SWCNTs  attached  on  a  gold  electrode  by  applying  the  mixture  of  DC  and  AC  voltage.  When  DC 
voltage  of  10V  was  applied,  few  SWCNTs  are  attached.  The  amount  of  attaching  SWCNTs  has 


increased  with  the  DC  voltage.  When  the  DC  voltage  of  40  V  was  applied,  SWCNT  bundles 
were  attached  on  gold  electrode  separately  with  a  high  density  as  shown  in  Figure  7.  They  were 
anchored  on  gold  substrate  having  cylindrical  shape  without  carbon  particles  and  damaged 
SWCNTs. 


Figure  6.  SEM  images  of  SWCNTs  anchored  on  gold  substrate  applying  combined  electric  field 
of  DC  and  AC  voltage.  When  DC  voltage  of  (a)  10  V,  (b)  20  V,  (c)  30V  and  (d)  40V  was  applied 
with  the  AC  voltage  of  1 0  Vp.p,  each  case  showed  a  different  appearance. 


Figure  7.  Tilted  SEM  images  of  SWCNTs  applying  DC  voltage  of  40  V  and  AC  voltage  of  10  V. 
(b)  is  the  magnified  image  of  (a). 


Figure  8  is  the  Raman  spectrum  of  vertically  aligned  SWCNTs  deposited  on  gold  substrates 
using  electrophoresis  with  combined  electric  field  of  DC  and  AC  voltage.  It  shows  typical 
Raman  properties  of  SWCNT  including  strong  G  band  (1587  cm'1),  weak  D  band  (1340  cm'1) 
and  clear  RBM  band  (186  cm'1).  According  to  the  Raman  spectrum,  the  crystallinity  of  SWCNTs 
electrodeposited  on  the  gold  substrate  was  known  to  be  preserved  even  after  electrodeposition  at 
a  high  speed  of  migration. 
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Figure  8.  Raman  spectrum  of  vertically  aligned  SWCNTs  electrodeposited  on  gold  substrates 
using  combined  electric  field  of  DC  and  AC  voltage. 


3.  Aligned  growth  of  SWCNTs  using  thermal  CVD  on  selectively  deposited  metal 
nanoparticles. 
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Figure  9.  Scheme  of  process  for  the  synthesis 
of  CNTs  on  selectively  adsorbed  Fe  catalytic 
metal  nanoparticles  on  chemically  modified 
Si  substrate  using  dipping  method. 


3-1.  Growth  of  CNTs  on  the  selectively 
deposited  catalytic  metal  nanoparticles  on 
chemically  modified  Si  substrate. 

The  vertically  aligned  CNTs  were  synthesized 
on  catalytic  metal  nanoparticles  which  were 
adsorbed  on  chemically  modified  Si  substrate 
using  dipping  method.  Figure  9  is  the  scheme 
of  process  for  the  synthesis  of  CNTs  on 
selectively  adsorbed  Fe  catalytic  metal 
nanoparticles  on  chemically  modified  Si 
substrate  using  dipping  method.  The  UV 
irradiated  ozone  was  introduced  to  the  surface 
of  bear  Si  substrate  to  making  a  hydrophilic 
surface.  The  hydrophobic  surface  of  Si 
substrate  was  prepared  by  dipping  the 
hydrophilic  Si  substrate  into  the 
octadecyltrichlorosilane  (OTS)  solution  (3 
mM  OTS  in  Toluene)  for  1  hour,  and  fully 
rinsed  with  pure  toluene.  The  Fe  catalytic 
metal  nanoparticles  were  formed  on  modified 
Si  substrate  by  dipping  a  Si  substrate  into  the 
Fe  solution  (0.05  M  of  FeCb  in  100  mL  of 
ethanol)  for  5  min  and  rinsing  with  pure 
ethanol.  Vertically  aligned  CNTs  were 
synthesized  by  catalytic  decomposition  of 
C2FI2  at  800  °C  for  10  min  using  thermal  CVD. 
Figure  10  shows  optical  images  and  AFM 
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images  of  Fe  catalytic  metal  nanoparticles  adsorbed  on  the  hydrophilic  and  hydrophobic  Si 
substrate,  respectively.  It  clearly  shows  that  the  Fe  catalytic  metal  nanoparticles  were  adsorbed 
on  all  over  the  surface  of  hydrophilic  Si  substrate  with  high  density,  but  there  are  few  Fe 
catalytic  metal  nanoparticles  on  the  hydrophobic  Si  substrate. 


Figure  10.  Optical  images  ((a),  (b))  and  AFM  images  ((c),  (d))  of  Fe  catalytic  metal 
nanoparticles  adsorbed  on  hydrophilic  ((a),  (c))  and  hydrophobic  ((b),  (d))  Si  substrate, 
respectively.  The  size  of  Si  substrate  is  about  lxl  cm2. 


Figure  11  shows  optical  images  and  SEM  images  of  CNTs  grown  on  Fe  catalytic  metal 
nanoparticles  adsorbed  on  the  modified  Si  substrate  using  thermal  CVD.  It  clearly  shows  that  the 
vertically  aligned  CNTs  were  grown  on  hydrophilic  Si  substrate,  but  few  CNTs  were  grown  on 
hydrophobic  Si  substrate.  The  existence  of  a  few  of  CNTs  shown  in  figure  11(d)  is  originated 
from  the  unexpected  adsorption  of  Fe  catalytic  metal  nanoparticles  on  defect  site  of  OTS  SAM 
on  Si  substrate.  Our  results  are  promising  for  the  selective  growth  of  vertically  aligned  CNTs  on 
a  large-area  Si  substrate  using  a  simple  catalyst  deposition  process. 


Figure  11.  Optical  images  ((a),  (b))  and  AFM  images  ((c),  (d))  of  CNTs  grown  on  hydrophilic 
((a),  (c))  and  hydrophobic  ((b),  (d))  Si  substrate,  respectively.  The  size  of  Si  substrate  is  about  1 
x  1  cm2.  SEM  images  of  the  inset  of  (c)  and  (d)  are  enlarged  top  view  images  of  each  sample. 


3-2.  Growth  of  vertically  aligned  SWCNTs  on  Si  substrate  using  thermal  CVD. 

The  Fe-Mo  catalytic  metal  nanoparticles  were  adsorbed  on  MgO  coated  Si  substrate  by  dipping  a 
hydrophilic  MgO/Si  substrate  into  the  Fe-Mo  solution  (Fe  0.01M  and  Mo  0.01M  in  Ethanol  50 
ml).  The  Fe-Mo/MgO/Si  substrate  was  pre-treated  with  NH3  at  800  °C  for  10  min.  The  vertically 
aligned  SWCNTs  were  synthesized  on  Fe-Mo/MgO/Si  substrate  by  catalytic  decomposition  of 
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C2H2  using  thermal  CVD.  Figure  12(a)  is  the  SEM  images  of  vertically  aligned  SWCNTs  films 
on  Fe-Mo/MgO/Si  substrate.  The  thickness  of  SWCNTs  film  is  5  um.  The  inset  image  of  Figure 
12(a)  shows  that  the  SWCNTs  have  a  noodle  shape  without  carbon  impurities.  Raman  spectra  of 
vertically  aligned  SWCNTs  clearly  showed  that  the  as  synthesized  CNTs  are  SWCNTs  and  have 
various  diameters  as  shown  in  Figure  12(b). 
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Figure  12.  SEM  images  (a)  and  Raman  spectra  (b)  of  vertically  aligned  SWCNTs  on  Fe- 
Mo/MgO/Si  substrate  using  thermal  CVD. 
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Figure  13.  SEM  image  (a)  and  Raman  spectrum  (b)  of  CNTs  grown  on  Fe-Mo/MgO/Si  substrate 
without  NFL 3  pretreatment  using  thermal  CVD. 

It  was  found  that  the  NFI3  pretreatment  affects  the  growth  and  vertical  alignment  of  SWCNTs  on 
Fe-Mo/MgO/Si  substrate  using  thermal  CVD.  Figure  13  shows  SEM  image  and  Raman  spectrum 
of  CNTs  grown  on  Fe-Mo/MgO/Si  substrate  without  NH3  pretreatment  using  thermal  CVD. 
CNTs  were  not  aligned  on  MgO/Si  substrate  with  a  low  density.  The  Raman  spectrum  shows  a 
strong  D  peak  and  some  week  peaks  at  RBM  frequency.  SEM  and  Raman  results  indicate  the 
existence  of  large  amount  of  carbon  impurities  or  multi-walled  carbon  nanotubes  (MWCNTs) 
and  few  of  SWCNTs  in  the  as-grown  CNTs 
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4.  The  effect  of  NH3  pretreatment  to  the  diameter  and  the  vertical  alignment  of  SWCNTs. 

It  was  reported  that  the  atomic  hydrogen  reduces  the  metal  oxides  to  the  pure  metals  resulted  in 
increasing  efficiency  of  metal  catalyst  for  the  synthesis  of  CNTs.  And,  the  atomic  hydrogen  is 
easily  obtained  by  thermal  decomposition  of  NH3  at  the  low  temperature.  Thus,  the  NH3 
pretreatment  on  the  metals  catalyst  has  been  used  for  the  synthesis  of  MWCNTs  on  Si  substrate 
using  thermal  CVD.  But,  there  is  no  report  on  the  NH3  pretreatment  on  catalytic  metal 
nanoparticles  for  the  synthesis  of  SWCNTs  using  thermal  CVD.  We  investigated  the  effect  of 
NH3  pretreatment  to  the  synthesis  of  SWCNTs.  Figure  14  is  the  SEM  images  of  SWCNTs  grown 
on  Fe-Mo/MgO/Si  substrate  using  thermal  CVD  with  different  NH3  pretreatment  conditions  at 
800  °C .  It  shows  that  the  diameter  and  density  of  SWCNTs  increase  with  the  flowing  rate  of  NH3. 
Figure  14(d),  (e),  and  (f)  are  show  that  the  vertically  aligned  SWCNTs  were  grown  on  Fe- 
Mo/MgO/Si  substrate  by  increasing  the  flowing  rate  of  NH3  at  the  NH3  pretreatment  process.  It 
seems  that  the  SWCNTs  are  vertically  aligned  due  to  the  effect  of  studied  hindrance  between  the 
SWCNTs. 


Figure  14.  SEM  images  of  SWCNTs  grown  on  Fe-Mo/MgO/Si  substrate  using  thermal  CVD  with 
different  NH3  pretreatment  conditions  at  800  °C.  The  flowing  rate  ofNHs  is  50  seem  (a,  d),  250 
seem  (b,  e),  and  500  seem  (c,f),  respectively. 


Figure  15  shows  the  Raman  spectra  of  as-synthesized  SWCNTs  depending  on  the  NH3 
pretreatment  conditions.  They  show  the  general  Raman  spectrum  shape  of  SWCNTs  which  have 
strong  G  bands  at  1582-1587  cm'1  with  high  intensity,  weak  D  bands  at  1331  cm'1  with  low 
intensity  and  clear  peaks  in  RBM  area  of  100-400  cm'1.  Figure  15(a)  is  enlarged  spectra  of  the 
radial  breathing  mode  (RBM)  frequency  areas  of  100-400  cm'1.  The  upper  X  axis  of  Figure 
15(a)  indicates  the  SWCNTs  diameter  calculated  from  the  Raman  frequency.  For  the  calculation 
of  SWCNTs  diameter,  the  equation  (cc>r  (cm'1)  =  12.5  +  223.5/d  (nm))  was  used.  In  this  equation, 
cor  is  the  Raman  frequency  and  d  is  the  SWCNTs  diameter.  The  Raman  spectra  of  RBM 
frequency  area  clearly  show  that  the  amount  of  SWCNTs  with  small  diameter  decreases  with 
increasing  the  flowing  rate  of  NH3. 
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Figure  15.  Raman  spectra  of  SWCNTs  depending  on  the  NH3  pretreatment  conditions.  The  wave 
length  of  source  laser  is  532  nm.  (a)  Raman  spectra  of  RBM frequency,  (b)  Raman  spectra  of  G 
band  and  D  band  frequencies.  Spectrum  (1):  NH3  pretreatment  50  seem  10  min,  Spectrum  (2): 
NH3  pretreatment  250  seem  10  min,  Spectrum  (3):  NH3  pretreatment  500  seem  10  min. 


Summary 

The  mechanisms  of  SWCNTs  behavior  in  the  electrophoresis  cells  and  the  vertical  alignment  of 
SWCNTs  by  assistance  of  ultra  sonication  were  investigated.  The  electrodeposition  by  AC 
voltage  was  accomplished  to  compare  with  the  effect  of  DC  voltage.  As  the  frequency  of  AC 
voltage  was  increased,  carbon  particles  and  other  impurities  were  removed  and  only  SWCNTs- 
COC1  was  attached  on  the  gold  electrode.  When  the  combined  electric  field  of  DC  and  AC  was 
applied,  the  clean  and  vertically  aligned  SWCNTs  were  deposited  on  a  gold  electrode  with  high 
density,  which  may  contribute  to  applying  SWCNTs  as  an  electron  emission  sources  in 
nanoelectronic  devices.  It  was  investigated  that  the  catalytic  metal  nanoparticles  are  selectively 
deposited  on  a  chemically-modified  Si  substrate  by  dipping  method.  As  a  result,  our  novel 
method  is  promising  for  the  selective  growth  of  vertically  aligned  CNTs  on  a  large-area  Si 
substrate  using  a  simple  catalyst  deposition  process.  Based  on  this  method,  the  vertically  aligned 
SWCNTs  were  successfully  synthesized  on  a  Fe-Mo/MgO/Si  substrate  using  thermal  CVD.  It 
was  found  that  the  SWCNTs  are  vertically  aligned  on  substrate  by  introducing  the  NH3 
pretreatment  process  on  catalytic  metal  nanoparticles.  The  diameter  and  the  density  of  SWCNTs 
were  controlled  by  adjusting  the  flowing  rate  of  NH3  at  the  NH3  pretreatment  process.  Our 
experimental  results  offer  possibility  in  the  integration  of  SWCNTs  into  nanoelectronic  devices. 
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Abstract 

Single- walled  carbon  nanotubes  (SWNTs)  in  aqueous  and  ethanol  solutions  can  be  self- assembled  into  ramified  fractal-patterns,  ring-patterns  or 
fingering-patterns  on  silicon  wafers  over  a  large  area  under  controlled  evaporation  conditions  by  the  droplet  evaporation  method.  The  formation  of 
these  regular  patterns  can  be  attributed  to  the  Marangoni  effect  and  diffusion-limited  aggregation  (DLA)  in  the  liquid  film  during  droplet  evaporation 
at  different  conditions.  This  simple  method  to  assemble  SWNTs  will  provide  potential  applications  for  advanced  devices  and  sensors. 

©  2006  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

The  attention  given  to  single-walled  carbon  nanotubes 
(SWNTs)  has  intensified  recently  because  their  unique  chemical 
and  physical  properties  make  them  a  perfect  candidate  for  a  ID 
material  in  nano-electronics  [1,2].  Due  to  their  potential  applica¬ 
tions,  SWNTs  could  be  incorporated  into  arrays  or  other  special 
patterns.  Using  Langmuir-Blodgett  and  self-assembly  methods, 
SWNTs  are  patterned  selectively  onto  various  substrates  [3,4]. 
Zhou  et  al.  assembled  SWNTs  into  aligned  films  and  regular 
patterns  on  glasses  using  a  slow  evaporation  method  [5].  In  fact, 
the  processing  of  nanoparticles  into  large  rings  or  hexagonally 
compact  networks  with  silver  [6,7]  and  ferrite  nanocrystals  [8] 
has  been  reported.  Via  microcontact  printing  (p,CP),  it  is  pos¬ 
sible  to  more  precisely  assemble  polystyrene  latex  spheres  into 
regular  arrays  [9].  Also  the  fractal  patterns  of  particles  have 
been  obtained  by  methods  such  as  fractal  hole  growth  [10], 
electrodeposition  [11],  viscous  fluid  flowing  [12]  and  micro¬ 
contactprinting  [13].  However,  similar  results  related  to  SWNTs 
have  not  yet  been  reported.  In  this  study,  a  simple  method  using 
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droplet  evaporation  to  form  fractal,  ring-  or  fingering-patterns 
of  the  SWNTs  on  silicon  wafers  is  introduced  and  discussed  for 
the  first  time. 


2.  Experiment 

Raw  SWNTs  with  a  purity  of  97%  were  synthesized  by  the 
chemical  vapor  deposition  (CVD)  method,  purified  in  a  5  mM 
HC1  solution  for  an  additional  3  h  and  were  then  etched  into 
short  SWNTs  in  a  mixed  acid  solution  of  H2SO4  (98%):HN03 
(70%)  =  3:1  (v/v)  for  7h  at  50 °C  assisted  by  ultrasonication 
[14].  The  collected  short  SWNTs  were  dispersed  in  DI  water 
or  ethanol  by  ultrasonication.  The  morphology  of  the  short 
SWNTs  was  confirmed  by  SEM  as  shown  in  Fig.  1.  The  aver¬ 
age  length  of  the  short  SWNTs  was  estimated  as  1  jim  and 
the  etched  SWNTs  were  clean,  which  indicated  that  most  of 
the  impurities  had  been  removed.  Droplets  of  the  SWNTs  in 
ethanol  and  DI  water  solutions  of  different  pH  values  were 
dropped  onto  the  silicon  wafers  of  1  cm  x  1  cm  and  processed 
and  rinsed  by  HPLC  grade  ethanol  and  DI  water,  a  Piranha 
treatment  or  coated  by  an  octadecyltrichlorosilane  (OTS)  self- 
assembled  monolayer.  Then  the  SWNT  droplet  was  evaporated 
under  controlled  ambient  conditions  (room  temperature  and 
humidity)  and  then  the  dried  wafers  were  examined  by  optical 
microscopy. 


J.  Zhang  et  al.  /  Colloids  and  Surfaces  A:  Physicochem.  Eng.  Aspects  292  (2007)  148-152 


149 


Fig.  1 .  SEM  image  of  the  short  SWNTs  on  a  silicon  wafer  after  being  etched  in 
a  mixed  acid. 


3.  Results  and  discussion 

If  the  evaporation  conditions  are  not  controlled  the  SWNTs 
usually  exist  as  random  aggregations  on  silicon  surfaces  after 
aqueous  droplets  of  the  SWNTs  are  air-dried.  However,  with 
controlled  evaporation  conditions,  the  SWNTs  formed  ramified 
fractal-patterns  with  different  shapes  over  a  large  area.  Fig.  2(a) 
and  (b)  show  high-resolution  optical  photographs  of  such  pat¬ 


terns  fabricated  at  an  evaporation  temperature  of  23  °C,  a  relative 
humidity  of  60%,  a  concentration  of  0.05  mg/ml  and  a  pH  of  6. 
Pattern  growth  always  began  inward  from  the  droplet  bound¬ 
ary.  The  growth  direction  was  either  vertical  or  parallel  to  the 
boundary  depending  on  the  direction  of  solution  flow  during 
evaporation.  The  SEM  image  shown  in  Fig.  1  and  the  energy 
dispersive  X-ray  (EDX)  spectrum  (see  Fig.  SI)  show  that  there 
were  no  impurities  such  as  metal  catalysts  in  the  SWNTs  solu¬ 
tion  and  that  the  formed  ramified  fractal-patterns  consisted  only 
of  SWNTs.  However,  if  the  contact  angle  of  the  silicon  wafers 
and  water  was  below  5°  as  etched  by  the  Piranha  treatment, 
the  SWNT  droplet  would  spread  onto  the  whole  surface  and  no 
ramified  fractal-patterns  were  found  after  drying.  Similarly,  if 
the  SWNT  solution  was  dropped  onto  the  silicon  wafers  mod¬ 
ified  with  an  OTS  monolayer  [15],  the  SWNT  droplet  had  a 
water  contact  angle  of  103.49°  and  the  SWNTs  in  the  droplet 
would  aggregate  randomly  after  evaporation.  Thus,  the  water 
contact  angle  was  an  important  parameter  for  forming  ramified 
SWNT  fractal-patterns  and  required  an  appropriate  hydropho¬ 
bic  nature  of  the  silicon  wafer.  In  light  of  this,  a  clean  silicon 
wafer  rinsed  by  ethanol  or  water  was  good  for  forming  rami¬ 
fied  fractal-patterns  of  the  SWNTs.  When  ethanol  was  used  as 
a  solvent,  ramified  fractal-patterns  of  SWNTs  were  formed  on 
the  clean  silicon  wafer  (see  Fig.  S2). 

A  possible  mechanism  regarding  how  SWNTs  form  ramified 
fractal-patterns  is  attributed  to  the  diffusion-limited  aggregation 
(DLA)  model  [16-18].  Ramified  fractal-patterns  of  SWNTs  can 
be  formed  as  follows:  a  seed  SWNT  bundle  is  fixed  at  a  starting 


(c)  l°g(R)  (d)  log(R) 

Fig.  2.  Optical  micrographs  (a,  b)  of  the  ramified  patterns  of  the  SWNTs  on  the  silicon  surface  and  log-log  plots  of  N  and  R  (c,  d)  according  to  the  figures  of  (a)  and 
(b).  R  is  the  radius  of  the  centric  circles  in  pixels  and  N  the  number  of  pixels  in  the  circle  that  are  covered  by  SWNT  fractals. 
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Fig.  3.  Optical  micrographs  of  the  ring-patterns  on  the  silicon  wafers  when  water  (a)  and  ethanol  (b)  was  used  as  the  solvent  to  immerse  the  SWNTs. 


Fig.  4.  Optical  micrographs  of  the  fingering  patterns  of  the  SWNTs  on  silicon  wafers  (a-d)  at  a  temperature  of  14  °C  and  relative  humidity  of  75%,  in  which  the 
droplet  volume  was  5  |jl1,  10  |xl,  20  juul,  and  25  juul  for  a-d,  respectively;  (e)  the  dependence  of  the  fingering-pattern  length  on  the  droplet  volume. 


J.  Zhang  et  al.  /  Colloids  and  Surfaces  A:  Physicochem.  Eng.  Aspects  292  (2007)  148-152 


151 


point,  and  then  a  random  walking  SWNT  bundle  is  launched 
through  lateral  capillary  forces  [19]  until  it  touches  the  seed 
and  stops.  Then,  another  walking  SWNT  bundle  is  launched 
and  diffuses  until  it  touches  one  of  the  first  two,  and  so  on. 
Thus,  many  SWNT  bundles  are  tethered  from  the  seed  SWNT 
bundle  to  assemble  into  ramified  fractal-patterns.  Based  on  this 
model,  Fig.  2(c)  and  (d)  show  the  density  fractal-dimensions 
of  the  ramified  fractal-patterns  depicted  in  Fig.  2(a)  and  (b). 
The  slopes  of  such  curves  were  roughly  estimated  as  1.5  and 
1.76,  respectively,  using  a  previously  described  method  [20]. 
These  values  are  very  close  to  the  reported  typical  values  of  the 
ramified  fractal-patterns  formed  via  the  DLA  model  [10,21,22]. 
Thus,  it  is  reasonable  to  attribute  the  formation  of  the  ramified 
fractal-patterns  of  the  SWNTs  to  the  DLA  model. 

When  water  was  used  as  a  solvent  to  immerse  the  SWNTs, 
ring-patterns  could  also  be  found  in  the  ramified  fractal-patterns 
of  the  SWNTs  as  shown  in  Fig.  3(a).  Such  ring-patterns  are  often 
formed  due  to  the  Marangoni  effect  when  a  volatile  solvent  is 
used  as  the  evaporation  solvent  [23] .  The  formation  of  such  ring- 
patterns  appeared  to  be  related  to  a  short  evaporation  time.  A 
short  evaporation  time  can  increase  the  Marangoni  number  and 
then  induce  a  high  degree  of  instability  in  the  liquid  film.  Our 
experiments  confirmed  these  results.  Fig.  3(b)  shows  an  optical 
micrograph  of  many  ring  and  dot  patterns  in  a  micrometer  scale 
formed  on  the  silicon  wafers  when  ethanol  was  used  as  the  drop¬ 
ping  solvent.  It  is  obvious  that  there  are  more  ring-patterns  in 
Fig.  3(b)  than  in  Fig.  3(a).  This  suggests  that  the  short  evapo¬ 
ration  time  (the  evaporation  time  was  15  s  for  ethanol  at  25  °C 
and  a  relative  humidity  of  65%)  could  induce  strong  instabili¬ 
ties  in  the  liquid  film,  which  in  turn  induced  the  formation  of  a 
mixture  of  ring  and  dot  patterns.  This  process  can  be  depicted 
as  follows:  in  liquid  evaporation,  when  a  liquid  droplet  is  almost 
completely  evaporated  and  only  a  very  thin  film  remains,  the 
thin  film  would  also  experience  the  Marangoni  effect  due  to  the 
local  instabilities  that  are  facilitated  by  using  a  volatile  solvent, 
and  then  some  holes  are  formed.  The  opening  holes  push  the 
SWNTs  outward  along  their  advancing  rims.  When  the  friction 
between  the  SWNTs  and  the  substrate  is  high  enough  to  prevent 
the  diffusion  of  the  SWNTs,  the  SWNT  aggregations  can  be 
pinned  near  the  contact  line  of  the  holes  to  form  ring-patterns. 

Factors  such  as  the  evaporation  temperature,  humidity,  the 
pH  of  the  SWNT  solution  and  the  concentration  of  the  SWNTs 
affect  the  formation  of  the  SWNT  fractal  patterns.  When  the  tem¬ 
perature  was  controlled  between  10  and  35  °C,  the  humidity  was 
maintained  between  45  and  75%,  the  pH  of  the  SWNTs  solution 
was  adjusted  near  6  and  the  concentration  of  SWNTs  was  fixed 
near  0.05  mg/ml,  ramified  fractal-patterns  were  formed  on  the 
clean  silicon  wafers.  When  the  relative  humidity  was  higher  than 
75%,  fingering-patterns  instead  of  the  ramified  fractal-patterns 
were  formed  near  the  boundary  lines  of  the  SWNTs  aggregation. 
Fig.  4  shows  that  such  patterns  developed  when  evaporated  at 
a  temperature  of  14  °C,  a  relative  humidity  of  75%,  a  SWNT 
concentration  of  0.05  mg/ml  and  a  pH  of  6.  This  phenomenon  is 
similar  to  the  results  reported  in  a  previous  study  [23] .  The  length 
of  the  periodic  patterns  could  be  several  hundreds  of  microm¬ 
eters  linearly,  depending  on  the  volume  of  the  initial  SWNTs 
droplet,  as  shown  in  Fig.  4e.  The  ends  of  the  fingering-patterns 


Fig.  5.  Optical  micrograph  of  the  fingering-patterns  of  the  SWNTs  on  a  silicon 
wafer. 


were  flat  or  arrow-like.  Thereby  the  temperature  and  humidity 
determined  the  evaporation  speed  and  the  wetting  conditions 
at  the  interface  of  the  droplet  and  the  silicon  surface,  which 
resulted  in  the  formation  of  different  patterns.  Fast  evaporation 
under  circumstances  of  low  humidity  can  induce  a  well-ordered 
aggregation  of  the  SWNTs  through  long-range  attractive  inter¬ 
actions  and  lateral  capillary  forces  while  slow  evaporation  under 
conditions  of  high  humidity  induced  the  fingering-pattern  for¬ 
mation  in  the  wet  water  film.  Fig.  5  shows  a  higher  resolution 
photograph  of  the  fingering-patterns  fabricated  at  an  evaporation 
temperature  of  14  °C,  a  relative  humidity  of  65%,  an  SWNT  con¬ 
centration  of  0.05  mg/ml  and  a  pH  value  of  2.  There  were  many 
periodic  dots  surrounding  the  fingering  lines  with  arrow-like 
shapes,  which  were  believed  to  be  related  to  the  interactions  of 
the  silicon  surface  and  the  residual  acids  in  the  droplet  after  the 
SWNTs  were  collected  from  the  etching  acids.  The  arrow-like 
shape  of  the  fingering-pattern  and  the  periodic  dots  around  it  may 
be  a  result  of  the  dewetting  effect  [24] .  During  the  evaporation  of 
the  liquid  film,  the  wetting  frontline  was  unstable  and  caused  fin¬ 
gering.  The  liquid  flow  proceeded  along  these  fingering-patterns 
and  the  SWNTs  in  the  flow  path  were  deposited  due  to  this  insta¬ 
bility.  In  order  to  obtain  ramified  fractal-patterns,  the  residual 
acid  should  be  removed  to  keep  the  pH  value  of  the  SWNTs 
solution  near  6. 

In  all,  it  was  possible  for  both  the  Marangoni  effect  and  DLA 
to  occur  during  evaporation  at  different  evaporation  conditions. 
Once  local  instabilities  during  evaporation  occurred,  the  SWNTs 
formed  ramified  fractal-,  fingering-  or  ring-patterns  according  to 
the  different  evaporation  conditions. 

4.  Conclusion 

In  conclusion,  we  demonstrated  for  the  first  time  the  ability 
to  control  the  aggregation  of  SWNTs  by  the  droplet  evapora¬ 
tion  method  in  air.  The  SWNTs  formed  three  different  shapes 
including  ramified  fractal-patterns,  ring-  and  fingering-patterns 
on  silicon  wafers  due  to  adjustments  of  concentration,  purity  and 
pH  of  the  SWNT  solution,  temperature,  air  humidity,  hydropho- 
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bic  properties  of  the  silicon  wafers  surfaces  and  the  volume  of 
the  SWNTs  droplet.  The  formation  of  ramified  fractal-patterns 
can  be  explained  by  DLA  while  the  ring-  and  fingering-patterns 
can  be  explained  by  the  Marangoni  effect  in  thin  liquid  films 
during  evaporation.  This  simple  method  provides  guidelines  for 
assembling  SWNTs  into  useful  devices  and  sensors. 
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Thin  films  of  chemically-functionalized  single  walled  carbon  nanotubes  (SWNTs)  were  fabricated 
by  using  a  direct  current  (DC)  electrodeposition  method.  SWNTs  were  shortened  and  then  func¬ 
tionalized  with  acid  chloride  group  to  combine  with  amine  group-terminated  gold  substrate.  The 
electrodeposited  SWNT  films  were  characterized  by  using  Raman  spectroscopy,  attenuated  total 
reflectance  infrared  (ATR/IR)  spectrometry  and  atomic  force  microscopy.  We  demonstrated  that  the 
SWNT  film  was  well  distributed  on  an  electrode  with  robust  adhesion. 
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1.  INTRODUCTION 

Single- walled  carbon  nanotubes  (SWNTs)  have  been  con¬ 
sidered  as  potential  candidates  for  nanoscience  and  nano¬ 
technology  due  to  their  outstanding  properties,  such  as 
excellent  mechanical  property,  metal-like  electrical  con¬ 
ductivity  and  high  aspect  ratio.1  Recently,  there  has  been 
an  intense  interest  in  development  of  thin  films  of  carbon 
nanotubes  on  conductive  surfaces  for  the  applications  as 
electron  emission  devices,  large  surface  area  electrodes 
and  sensing  devices.2-4  The  thin  films  of  carbon  nanotube 
could  have  been  fabricated  using  various  methods,  such 
as  chemical  vapor  deposition  (CVD),5  screen-printing,6 
electrodeposition,7  filtration,3  spraying,8  self-assembling,9 
etc.  We  employed  the  electrodeposition  method  among 
them  to  fabricate  thin  films  of  carbon  nanotube  because 
there  are  several  advantages  in  following  aspects:  its  sim¬ 
ple  set-up,  short  time  in  processing,  robust  adhesion  of 
films,  no  impurity,  easy  control  of  film  thickness,  etc. 
Shortly  speaking  of  electrodeposition,  carbon  nanotubes 
suspended  in  a  solution  are  forced  to  move  toward  the 
electrode  by  applying  an  electric  field  to  the  suspension. 
The  carbon  nanotubes  collect  on  one  of  the  electrodes  and 
form  a  coherent  deposit  on  it.  However,  the  electrode¬ 
position  affected  by  various  factors  was  not  explained  in 
detail  in  each  process  by  now,  as  well  as  not  character¬ 
ized  well  for  the  products  of  thin  films.  Here,  we  report 
our  observations  for  the  electrodeposition  of  acid  chloride- 
functionalized  SWNTs  dispersed  in  dimethyl  formamide 
(DMF).  The  characteristics  of  electrodeposited  SWNT 
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films  demonstrated  by  using  various  methods,  such  as 
Raman  spectroscopy,  attenuated  total  reflectance  infrared 
(ATR/IR)  spectrometry  and  atomic  force  microscopy  are 
also  described. 

2.  EXPERIMENTAL  DETAILS 

2.1.  Preparation  of  Functionalized  SWNTs 

As-grown  single- walled  carbon  nanotubes  (Carbon  Nano¬ 
technologies,  Inc.,  HiPCO  SWNTs)  were  treated  at 
elevated  temperature  and  then  shortened  by  well-known 
process  using  the  oxidizing  acid.12  The  shortened  nano¬ 
tubes  were  purified  in  a  5  M  HC1  solution  under  ultra¬ 
sonic  treatment,  resulted  in  carboxylic  acid-functionalized 
SWNTs.  The  COOH-SWNTs  were  further  reacted  with 
SOCl2  to  convert  the  carboxylic  acid  groups  into  the  corre¬ 
sponding  acid  chloride  at  70  °C.  The  black  COCl-SWNTs 
suspension  was  centrifuged  repeatedly  at  5000  rpm  for  a 
few  hours  to  eliminate  remaining  reactants  and  sufficiently 
washed  with  CHC13,  and  then  dried  in  vaccum  oven.  The 
COCl-SWNTs  were  dispersed  again  in  dimethyl  form- 
amide  (DMF)  with  the  concentration  of  about  0.3  mg/mL 
by  ultrasonic  treatment. 

2.2.  Electrodeposition  of  SWNTs 

The  method  of  electrodeposition  was  employed  to 
deposit  the  acid  chloride-functionalized  SWNTs  on  amine- 
modified  gold  substrate.  In  the  quartz  cell  containing  the 
nanotube  suspension,  the  gap  distance  between  the  gold 
substrate  as  cathode  and  the  bare  ITO  as  anode  was  fixed 
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at  0.8  cm  by  the  spacer.  The  direct  current  (DC)  voltage 
ofl50Vor50V  was  applied  between  the  two  electrodes 
for  10  min.  If  it  is  not  noted  particularly,  a  SWNT  film 
was  fabricated  at  150  V  of  a  DC  field  applied  for  10  min. 

2.3.  Characterization  of  the  SWNT  Film 

Attenuated  total  reflectance  infrared  (ATR/IR)  spectro¬ 
metry  (SensIR  IlluminatIR  spectrometer)  equipped  with  a 
liquid  nitrogen-cooled  MCT  detector  was  used  to  investi¬ 
gate  the  quantitative  property  of  the  SWNT  film.  Infrared 
absorption  spectra  were  collected  first  on  a  bare  gold 
plate  as  a  background  unit  and  subsequently  on  a  SWNT 
film-formed  gold  plate  which  is  annealed  at  70  °C  for 
30  min.  Surface  property  measurement  of  a  SWNT  film 
was  conducted  by  a  Raman  confocal  scanning  microscope 
(Nanofinder  30,  Tokyo  Instruments,  Inc.)  by  exciting  with 
the  488  nm  (Sapphire)  radiation  line.  To  remove  an  appre¬ 
ciable  peak  shift  caused  by  the  laser  heating,  low  power 
of  1  mW  was  employed  on  the  sample  surface  with  the 
exposure  time  of  10  sec.  Using  the  x,  y  scan  stage,  Raman 
scattered  light  and  2-D  spectral  image  of  a  SWNT  film 
were  obtained  at  1.12  cm-1  step  intervals  in  a  backscatter- 
ing  geometry  using  —70  °C-cooled  CCD  for  the  phonon 
detection. 

3.  RESULTS  AND  DISCUSSION 

Figure  1  shows  single  walled  carbon  nanotubes  (SWNTs) 
before  and  after  shortening  process.  The  acid  chloride- 
functionalized  SWNTs  (COCl-SWNTs)  had  no  iron  cat¬ 
alytic  particles  generated  in  the  HiPCO  process.  The  length 
of  highly-entangled,  raw  SWNTs  (usually  >10  ju m)  was 
reduced  to  less  than  1  fim  with  a  rod-like  shape.  We  found 
that  the  crystallinity  of  SWNTs  was  conserved  even  after 
shortening  process  using  the  oxidizing  acid  as  shown  in 
Figure  1(b). 

Dimethyl  formamide  (DMF)  has  been  known  as  a  good 
solvent  in  dispersing  SWNTs.  DMF  has  the  dielectric  con¬ 
stant  of  about  37  at  25  °C  that  is  high  enough  to  be 
applied  to  electrodeposition  process.  DMF,  here,  was  used 
as  a  solvent  in  the  COC1-SWNT  suspension  without  the 
addition  of  ionic  compounds.  SWNTs  are  a  good  candi¬ 
date  for  an  electrodeposition  and  movable  in  DMF  solu¬ 
tion  because  they  are  easily  charged  under  an  electric 
field  due  to  the  metal-like  properties  of  carbon  nanotubes. 
Figure  2  suggests  the  electrodeposition  process  of  COC1- 
SWNT  in  dimethyl  formamide.  When  an  electric  field  was 
applied  to  the  SWNT  suspension,  the  SWNT  aggregates 
were  produced  immediately  in  the  suspension.  The  COCl- 
SWNTs,  however,  were  well  dispersed  in  dimethyl  form¬ 
amide  (DMF)  before  applying  an  electric  field.  Since  the 
stability  in  dispersion  usually  decreases  with  increasing 
ionic  concentration,  it  is  suggested  that  chloride  ions  are 
produced  by  dissociating  from  acid  chloride  groups  on 
SWNTs  under  the  influence  of  DC  field.13  A  good  leaving 


Fig.  1.  Transmission  electronic  micrographs  of  a  bunch  of  (a)  raw 
SWNTs  and  (b)  acid  chloride-functionalized  SWNTs.  The  insets  show 
each  TEM  image  in  a  low  resolution. 

group  of  Cl-  in  COC1-SWNT  was  simply  confirmed  by 
adding  a  small  amount  of  a  silver  ion  to  SWNT  suspen¬ 
sion.  While  the  sediment  of  AgCl  was  produced  especially 
near  the  anode  during  applying  an  electric  field,  the  sed¬ 
iment  in  SWNT  suspension  was  not  observed  due  to  the 
absence  of  Cl-  ion  under  no  influence  of  an  electric  field. 
In  the  middle  space  between  two  electrodes,  the  polarized 
SWNTs  under  an  electric  field  are  stabilized  in  charge  due 
to  the  compensation  of  chloride  ions  as  shown  in  Figure  2 
(A:  middle  space).14  The  SWNTs  near  both  electrodes 
migrated  with  a  high  speed  toward  the  electrodes,  caused 
by  a  strong  charge  interaction.  On  the  cathode  terminated 
with  amine  groups,  a  uniform  SWNT  film  was  formed 
with  a  covalent  bond  as  shown  in  Figure  2  (B:  cathode). 
After  prolonged  deposition  time,  the  coagulated  SWNTs 
were  difficult  to  be  deposited  on  the  electrode  because  of 
its  irregular  shape.15  The  dissociated  chloride  ions,  Cl-, 
migrate  toward  the  positive  electrode.  The  increase  in  the 
concentration  of  chloride  ions  near  the  anode  resulted  in 
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Fig.  2.  Schematic  view  of  the  electrodeposition  process  of  COC1- 
SWNTs  in  dimethyl  formamide. 


the  assembly  of  SWNTs  in  a  bundle  as  shown  in  Figure  2 
(C:  anode).  The  assembly  of  SWNTs  also  comes  from  the 
strong  electric  field  analogous  to  the  previous  report.14 

The  acid  chloride-functionalized  SWNTs  (COC1- 
SWNTs)  were  deposited  on  the  NH2 -modified  gold  sub¬ 
strate  by  applying  a  DC  field  at  150  V  or  50  V  for  10  min. 
Figure  3(a)  presents  the  densely  deposited,  uniform  SWNT 
film  obtained  at  a  DC  field  of  150  V.  The  formation  of  a 
SWNT  film  in  electrodeposition  depends  on  various  fac¬ 
tors,  such  as  concentration  of  SWNT,  strength  of  electric 
field,  nature  of  electrolyte,  etc.  The  thickness  of  SWNT 
film  was  controlled  with  a  variation  in  the  concentration 
of  SWNT,  the  strength  of  electric  field  and  the  applying 
time.  The  aggregation  of  SWNTs,  however,  has  occurred 
seriously  at  higher  concentration  (>0.8  mg/ml  at  150  V) 
of  SWNTs  in  DMF,  resulting  in  the  SWNT  film  with  low 
uniformity.  The  increase  in  the  concentration  of  a  chlo¬ 
ride  ion  on  anode  made  SWNTs  aggregated  into  bundles 
which  were  attached  on  anode  with  poor  adhesion.  On 
the  contrary,  COCl-SWNTs  were  deposited  robustly  on  the 
cathode  either  of  a  bare  gold  or  of  a  gold  modified  with 
cysteamine.  In  addition,  the  uniform  films  of  SWNTs  were 
obtained  on  both  of  the  gold  cathodes.  The  adhesion  of 
the  films  in  both  cases  was  strong,  but  showing  a  different 
stablility  under  the  influence  of  ultrasonication.  To  inves¬ 
tigate  adhesion  property  of  the  electrodeposited  SWNT 
film,  physisorbed  and  chemisorbed  SWNT  films  were  fab¬ 
ricated  at  50  V  of  an  electric  field  applied  for  10  min  on  a 
bare  gold  and  on  a  cysteamine-modified  gold,  respectively. 
Then,  ultrasonication  was  applied  to  both  of  the  films 
for  3  min.  The  infrared  adsorption  spectra  in  Figure  3(b) 
were  obtained  on  the  samples  to  investigate  the  quantity 
of  SWNTs  in  the  films.  In  this  work,  the  most  distinct 


Wavenumber  (cm 

Fig.  3.  (a)  Scanning  electron  micrographs  of  a  SWNT  film  formed 

on  NH2 -functionalized  gold  electrode  by  applying  an  electric  field  at 
150  V  for  10  min.  (b)  Infrared  absorption  spectra  of  the  SWNT  films 
(A)  physisorbed,  (B)  physisorbed  and  subsequently  ultrasonic-irradiated 
for  3  min,  (C)  chemisorbed,  and  (D)  chemisorbed  and  subsequently 
ultrasonic-irradiated  for  3  min.  The  films  were  obtained  either  on  a  bare 
gold  (physisorption)  or  on  a  cysteamine-modified  gold  (chemisorption) 
by  applying  a  DC  field  of  50  V  for  10  min.  Band  around  1500  cm-1 
corresponds  to  the  stretch  mode  of  the  aromatic  carbon-carbon  bond. 

peak  in  the  spectra  of  the  SWNT  films  was  the  absorption 
band  of  the  stretch  mode  of  the  aromatic  carbon-carbon 
bond  observed  at  about  1500  cm-1.  Although  the  peak 
intensity  of  the  physisorbed  SWNT  film  on  a  bare  gold 
was  similar  with  that  of  the  chemisorbed  SWNT  film  on  a 
cysteamine-modified  gold,  the  intensity  of  the  physisorbed 
film  was  lower  than  that  of  the  chemisorbed  film  after 
ultrasonication  for  3  min.  The  result  shows  that  physically 
adsorbed  COCl-SWNTs  on  a  bare  gold  are  easily  detached 
compared  to  chemically  adsorbed  COCl-SWNTs  on  NH2- 
terminated  gold  under  ultrasonication. 

To  characterize  the  electrodeposited  SWNT  film  in 
detail,  we  introduced  tapping-mode  atomic  force  micros¬ 
cope  (AFM)  in  imaging  the  SWNT  film.  The  results 
induced  needle-like  topography  from  which  one  can  be 
confused  as  if  SWNTs  were  vertically  aligned  on  a  sub¬ 
strate.  The  needle-like  image  comes  from  the  particu¬ 
lar  scanning  system  of  AFM,  by  which  the  AFM  tip  is 
vibrated  perpendicular  to  the  substrate  in  tapping  mode 
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Fig.  4.  (a)  Raman  spectral  images  of  a  SWNT  film  deposited  on  gold  substrate.  The  contrast  in  the  images  presents  the  local  intensity  of  the  RBM 

mode  (172  cm-1),  Raman  D  band  (1332  cm-1)  and  G  band  (1578  cm-1),  (b)  Raman  scattering  spectrum  for  the  SWNT  film  and  (c)  the  magnified 
Raman  spectral  image  of  the  him  at  Raman  G  band  (1578  cm-1). 


or  in  non-contact  mode.  The  densely  packed  SWNTs 
and  the  big  differences  in  the  height  of  the  structure 
(>  —  100  nm)  also  play  a  key  role  to  present  a  needle¬ 
like  topography  in  AFM  image.  As  an  another  trial,  the 
distribution  of  SWNTs  in  a  SWNT  film  was  surveyed 
by  imaging  the  film  using  Raman  spectroscopy  which 
provides  chemical  and  structural  information  of  a  sam¬ 
ple.  Figure  4(a)  shows  confocal  Raman  images  (15  x 
15  gm2)  recorded  by  scanning  a  SWNT  film  with  the 
focused  laser.  The  images  were  acquired  by  detecting 
intensity  of  the  RBM  mode  (172  cm-1),  Raman  D  band 
(1332  cm-1)  and  G  band  (1578  cm-1),  respectively,  upon 
laser  excitation  at  488  nm.  From  the  contrast  of  the 
images,  it  was  found  that  a  SWNT  film  was  composed 
entirely  of  the  SWNTs  with  defect  sites.  Figure  4(b) 
shows  the  representative  Raman  scattering  spectrum  for 
the  SWNT  film,  which  provides  typical  four  main  Raman 
shifts  of  SWNT :  RBM  (-100-300  cm-1),  Raman  D  band 
(—1300  cm-1),  G  band  (—1592  cm-1),  and  G'  band 
(—2600  cm-1).16  The  frequency  of  the  RBM  is  very  sensi¬ 
tive  to  the  tube  diameter.  The  isolated  tubes  are  concerned 
the  following  equation,  v  (cm-1)  =  A/d  (nm),  where  v  is 
the  RBM  frequency,  d  SWNT  diameter,  A  proportionality 
constant.  The  diameters  of  the  electrodeposited  SWNTs 
(1.2  nm-1.4  nm),  however,  were  well  agreed  with  those 
of  the  typical  HiPCO  SWNTs  (0.8  nm-1.4  nm)  when 
applying  various  relations  between  the  RBM  frequency 


and  the  inverse  of  the  SWNT  diameter.17-20  The  magni¬ 
fied  Raman  image  at  G  band  (1578  cm-1)  of  the  SWNT 
film  is  shown  in  Figure  3(c),  in  which  the  high  intensity 
of  Raman  G  band  (showing  red  and  deep  yellow  colors) 
could  be  observed  for  the  SWNTs  even  after  shortening 
process  and  subsequent  electrodeposition  process.  The  G 
band  originating  from  the  tangential  oscillations  of  the  car¬ 
bon  atoms  in  the  nanotube  defines  ordered  carbons  with 
metallic  or  semiconducting  helicity.  Therefore,  the  elec¬ 
trodeposited  SWNT  films  were  demonstrated  to  have  the 
property  of  electrical  conductivity  which  is  very  important 
for  the  future  applications  of  SWNT  films. 

4.  CONCLUSION 

In  conclusion,  we  demonstrated  well  distributed  SWNT 
films  using  DC  electrodeposition  method.  The  char¬ 
acterization  of  the  SWNT  film  was  performed  using 
Raman  spectroscopy,  attenuated  total  reflectance  infrared 
(ATR/IR)  spectrometry,  atomic  force  microscopy.  As  a 
result,  the  properties  of  adhesion  and  electrical  conduc¬ 
tivity  have  drawn  the  possibility  of  a  SWNT  film  applied 
to  potential  applications  like  electron  emitters  and  large 
surface  area  electrodes.  Deep  understanding  for  the  elec¬ 
trodeposition  of  SWNTs  would  contribute  to  promoting 
the  properties  of  a  SWNT  film  such  as  uniformity,  adhe¬ 
sion,  density,  alignment,  etc.  The  simple  fabrication  of 
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a  SWNT  film  using  DC  electrodeposition  would  enable 
SWNTs  to  be  integrated  into  electronic  devices,  especially 
electron  emission  devices. 
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Single-walled  carbon  nanotubes  (SWNTs)  have  attracted  much  attention  because  of 
their  amazing  properties,  such  as  excellent  mechanical  strength,  metal-like  electrical 
conductivity  and  extreme  aspect  ratios.111  To  apply  such  SWNTs  to  a  plethora  of  technologies, 
many  researchers  have  tried  to  develop  methods  to  control  and  to  align  SWNTs.[2]  Chemical 
processing  of  as-grown  SWNTs  has  allowed  SWNTs  to  be  controlled  in  length,  purified, 
modified  with  functional  groups,  dispersed  in  desired  solvents  and  eventually  aligned  on 
substrates.  [2c’3]  Moreover,  various  methods  for  aligning  chemically  functionalized  SWNTs, 
such  as  self-assembly, [4]  exploitation  of  hydrophilic/hydrophobic  interactions [5]  and 
electrochemistry, [6]  have  also  been  introduced  because  of  their  simplicity  at  ambient 
temperature  and  their  applicability  to  relatively  large  areas.  Using  these  controllable  processes, 
horizontally  aligned  and  micropatterned  carbon  nanotubes  have  been  formed  to  apply  carbon 
nanotubes  as  active  components  in  carbon-nanotube-based  devices. [5,7]  There  have  only 
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been  limited  studies  of  vertically  aligned  and  micropatterned  carbon  nanotubes,  however, 
especially  by  post-synthesis  treatments  rather  than  by  direct  growth  methods  like  chemical 
vapor  deposition  (CVD).[S]  For  instance,  functionalized  SWNTs  have  been  believed  to  be 
vertically  assembled  on  modified  substrates  in  analogy  to  the  self-assembly  of  active 
surfactant  molecules  such  as  alkanethiols  and  organosilicons.  Even  though  the  shapes  of 
SWNTs,  which  usually  disperse  as  bundles  in  solution,  resemble  the  long-chain  molecules 
available  for  ordering  into  self-assembled  monolayers,  it  would  be  difficult  for  SWNT 
bundles  to  align  spontaneously  normal  to  the  surface  due  to  their  great  lengths,  irregular  size 
distributions  in  suspension  and  low  density  on  modified  surfaces. 

Recently,  a  direct  current  (DC)  electrophoretic  deposition  method  has  been  applied  to 
form  SWNT  films  efficiently  on  substrates,  providing  high  surface  coverages  and  short 
assembly  times.191  The  alignment  of  SWNTs  was  also  performed  by  applying  an  electric  field 
as  an  external  force  to  SWNT  suspensions,  which  made  length-controlled  SWNTs  easy  to 
polarize  and  therefore  aligned  by  dielectrophoresis  in  the  direction  of  the  electric  field 
between  two  metallic  electrodes  placed  on  either  a  flat  insulator  or  semiconductor. [10]  Highly 
densified  SWNT  films  formed  on  a  flat  electrode  by  electrophoretic  deposition,  however,  are 
randomly  aligned  laterally  and  also  compressed  by  a  strong  electric  field, [9b]  resulting  in 
almost  flat  films;  their  random  orientation  limits  their  technological  applications.  Here,  we 
report  SWNT  films  electrodeposited  on  flat  gold  electrodes  and  the  first  observations  of  then- 
vertical  alignment  over  a  large  area. 

For  liquid-solid  systems,  ultrasonic  irradiation  has  been  used  in  cleaning  processes, 
mixed  phase  reactions,  sono-catalysis,  enhancement  of  mass  transport,  etc.[11]  Dispersing  and 
shortening  carbon  nanotubes  have  also  employed  ultrasonic  treatment. [3al2]  Acoustic 
cavitation  by  ultrasonic  waves  produces  turbulent  flow  and  shock  waves  that  cause  enormous 
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concentration  of  energy,  sufficient  to  make  a  solid  unstable  in  liquid.  It  is  demonstrated  here 
that  controlled  ultrasonication  enhances  the  orientation  of  electrodeposited  SWNT  films. 

Highly  entangled,  raw  SWNTs  were  shortened  to  ease  control,  then  chemically 
functionalized  and  eventually  dispersed  in  dimethyl  formamide  (DMF).  The  lengths  and 
diameters  of  the  SWNT  bundles  after  the  shortening  process  were  typically  smaller  than  1  pm 
(predominantly  600  +  100  nm)  and  50  nm  (predominantly  35  +  10  nm),  respectively, 
which  were  confirmed  by  atomic  force  microscopy  and  scanning  electron  microscopy.  (Figure 
SI)  The  shortened  carboxylic-acid-functionalized  SWNTs  (SWNTs-COOH)  were  further 
modified  with  SOCI2  into  acyl-chloride-functionalized  SWNTs  (SWNTs-COCl)  to  enable 
chemical  bonding  of  the  SWNTs  with  amine-functionalized  gold  electrodes,  which  not  only 
enhanced  adhesion[13]  but  reduced  the  contact  resistance  between  the  SWNTs  and  the 
electrodes. [14]  Figure  1(a)  shows  a  simple  schematic  of  a  setup  for  electrophoretic  deposition 
and  actual  cells  containing  a  SWNT  suspension  before  and  after  applying  an  electric  field 
between  two  electrodes  separated  by  a  0.8  cm  gap.  Figure  1(b)  shows  the  resulting 
representative,  uniform  SWNT  film  electrodeposited  on  the  cathode  at  a  DC  voltage  of  150  V 
for  10  min. 
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Figure  1.  (a)  Simple  schematic  of  a  setup  for  electrophoretic  deposition  of  SWNTs-COCl  on 
gold  electrodes  functionalized  with  self-assembled  monolayers  terminating  in  amine  groups 
using  a  DC  field  and  the  electrophoretic  cells  containing  a  SWNT  suspension  before  and  after 
applying  a  DC  field,  (b)  Scanning  electron  micrograph  of  a  SWNT  film  formed  on  a  gold 
electrode  by  applying  an  electric  field  at  150  V  for  10  min. 


When  applying  a  DC  electric  field  using  the  setup  shown  in  Figure  1(a),  SWNTs 
migrated  along  with  the  convection  flow  of  the  suspension  in  the  space  between  the  two 
electrodes  in  the  direction  of  the  electric  field.  High-speed  migration  of  SWNTs  was  observed 
near  both  electrodes,  where  the  electric  field  is  very  strong.  SWNT  aggregates  also  began  to 
appear  in  the  suspension.  After  a  few  minutes,  the  black  suspension  became  transparent  due  to 
the  deposition  of  SWNTs  on  both  electrodes  and  the  sedimentation  of  coagulated  SWNTs. 
The  serious  coagulation  of  SWNTs  happened  immediately  after  applying  voltages  above  300 
V.  When  applying  an  electric  field,  the  coagulation  of  SWNTs  rose  in  the  solution  in  any  case 
but  in  different  degree  with  applied  voltages.  Below  50  V,  the  movement  of  SWNTs  was  not 
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visible  in  the  cell  and  thus  poor  films  were  formed  because  of  the  weak  electric  field.  The 
coagulation  became  gradually  serious  as  the  deposition  time  increased. 

While  a  robust  film  of  SWNTs  was  formed  on  the  cathode,  assembled  bundles  of 
SWNTs,  which  were  aligned  parallel  to  the  direction  of  electric  field,  as  reported  by  Kamat  et 
al.,[9c]  were  formed  on  the  anode  and  then  detached  after  a  few  minutes.  In  our  electrophoretic 
deposition  system,  a  small  amount  of  SOCI2  was  included  in  the  SWNTs-COCl/DMF 
suspension  (pH  7  ~  7.5).  The  value  of  the  pH  could  be  controlled  through  the  separation 
process  of  SOCI2  using  centrifuge  after  completion  of  the  modification  of  SWNT-COOH  into 
SWNT-COC1.  At  the  point  of  zero  charge  (pH  7  ~  7.5  in  this  case)  which  differs  from  the  iso¬ 
electric  point,  the  concentration  of  negatively  and  positively  charged  surface  groups  is  equal 
because  the  suspension  was  very  stable.  Dettlaff-Weglikowska  et  al.  demonstrated  that 
chemical  modification  of  HiPco  SWNTs  by  SOCI2  largely  enhanced  the  electrical 
conductivity  of  SWNTs  due  to  formation  of  SWNT/SOCI2  charge-transfer  complexes  within 
the  intercalated  ropes. [15]  The  SOCb-modified  HiPco  SWNTs  showed  the  electrical 
conductivity  5  times  higher  than  that  of  pristine  HiPco  SWNTs.  This  transition  from 
semiconducting  to  metallic  behavior  enabled  the  enhancement  of  the  alignment  of  SWNTs  in 
the  electrophoretic  deposition.  On  the  other  hand,  the  chloride  ion  (CF)  leaving  group  in 
SWNTs-COCl  affected  the  electrophoretic  behavior  in  which  the  increase  in  concentration  of 
the  chloride  ion  near  the  anode  after  applying  an  electric  field  resulted  in  coagulated  SWNT 
bundles.  The  chloride  ion  near  the  anode  was  simply  confirmed  by  adding  AgN03  to  the 
SWNT  suspension  (Ag+  ions  remove  CF  by  precipitation  as  AgCl).  The  coagulated  bundles 
adhered  only  weakly  to  the  anode  because  of  their  bulky  sizes  and  irregular  shapes. [9b  l6] 

Figure  2(a)  is  a  magnified  image  of  Figure  1(b)  that  shows  densely-deposited  SWNTs, 
which  appear  compressed.  It  was  found  that  the  morphology  of  SWNT  films  was  significantly 
changed  for  different  gap  sizes  between  anode  and  cathode.  Gap  sizes  within  a  few  mm  at 
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concentrations  of  about  0.3  mg/ml  resulted  in  horizontally  and  randomly  aligned  SWNT  films 
that  we  attribute  to  SWNT  coagulation  both  by  the  electric  field  in  a  narrow  gap  between  two 
electrodes  and  by  high  concentrations  of  SWNTs.  (Figure  S2)  In  contrast,  shortened  SWNTs 
electrodeposited  using  a  broad  gap  (more  than  a  few  mm)  appeared  to  get  stuck  normal  to  the 
electrode.  The  alignment  of  SWNTs  by  electric  fields  has  been  demonstrated  by  many 
researchers. [10]  The  electric  field  induces  a  dipole  moment  in  a  carbon  naotube  by  which  the 
dipole  experiences  a  torque.  This  torque  is  regarded  as  a  driving  force  for  the  alignment  of  the 
nanotubes  in  the  field  direction.  However,  the  planar  electrodes  facing  with  each  other  will 
have  fringing  fields  toward  the  edges  of  the  electrodes,  which  are  very  nonuniform  especially 
as  the  gap  becomes  narrow.  Thus,  broad  gap  is  more  useful  for  SWNTs  to  be  aligned  normal 
to  the  electrode.  The  effect  of  gap  distance,  however,  is  not  independent  on  the  concentration 
of  the  suspension  and  the  field  strength.  Higher  concentrations  (>0.5  mg/ml)  gave  rise  to 
serious  coagulation  of  SWNTs  even  in  the  broad  gap,  resulting  in  the  poor  SWNT  films. 
When  applying  an  electric  field,  the  deposition  always  competes  against  the  coagulation  due 
to  the  imbalance  between  van  der  Waals’  attraction  and  electrostatic  double-layer 
repulsion. [9b]  SWNT  coagulates  showed  the  characteristics  of  low  adherence  on  the  electrode 
due  to  their  irregular  shape.  In  contrast,  lower  concentrations  (<0.1  mg/ml)  produced  low 
coverage  deposition  on  the  electrode.  From  our  observations,  the  lengths  of  SWNT  bundles 
also  affect  the  morphology  of  the  SWNT  films.  We  suggest  that  each  SWNT  bundle  is 
aligned  parallel  to  the  electric  field  and  is  driven  towards,  compressed  against  and  deposited 
normal  to  the  electrode.  Figure  2(a)  indicates  that  ultimately  the  compressed  SWNT  bundles 
may  be  aligned  by  applying  an  external  force. 

Figures  2(b)-2(d)  show  the  varying  film  morphology  found  after  ultrasonication  of  the 
SWNT  film  for  different  times  in  DMF.  A  densely  packed,  unidirectionally  aligned  SWNT 
film  was  obtained  after  ultrasonication  for  2  min  as  shown  in  Figure  2(b).  Yokoi  et  al. 
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reported  dynamic  reassembly  of  self-assembled  peptide  nanofiber  scaffolds  through 
ultrasonication.[17]  Weak  forces  like  hydrogen  bonds  and  hydrophobic  interactions  are  easily 
broken  by  applying  ultrasonic  energy,  compared  to  stronger  covalent  peptide  bonds.  They 
suggested  that  ultrasonic ation  allowed  reassembly  of  the  mechanically  dissembled  individual 
peptide  chains.  We  suggest  here  that  densely  deposited  and  compressed  SWNT  bundles, 
which  adhere  via  hydrophobic  interactions,  are  annealed  and  aligned  by  ultrasonication.  With 
increasing  ultrasonication  time,  smaller  SWNTs  with  narrower  diameter  distributions 
appeared  on  the  electrode  due  to  desorption  of  bulky  SWNTs,  as  shown  in  Figures  2(c)  and 
2(d).  Furthermore,  we  found  that  the  SWNT  bundles  were  well  distributed  with  uniform  space 
between  them  and  were  mostly  aligned  normal  to  the  surface  after  3  min  ultrasonication,  as 
shown  in  the  45°  tilt  SEM  image  of  Figure  2(e).  This  method  for  aligning  SWNTs  normal  to 
the  surface  is  comparable  to  chemical  vapor  deposition  (CVD)  or  screen  printing  methods  by 
which  SWNT  films  have  been  fabricated  predominantly  to  date.  The  arrow  in  the  inset  of 
Figure  2(c)  indicates  the  “three-bundles-folded  structure”  that  can  be  observed  only  in 
standing  structures.  The  structures  of  SWNTs  in  electrodeposited  SWNT  films  were  surveyed 
using  Raman  spectroscopy;  representative  shifts  observed  included  the  Raman  G  band  (1592 
cm'1)  and  D  band  (1346  cm'1),  typical  of  SWNTs.  (Figure  2(f))  The  inset  in  Figure  2(f)  shows 
the  observed  radial  breathing  mode  (RBM)  frequency  range  of  161  -  202  cm'1,  which 
corresponds  to  tube  diameters  ranging  from  1.4  to  1.1  nm  and  agrees  well  with  those  of 
typical  HiPCO  SWNTs  (1.4  -  0.8  nm).[18] 
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Figure  2.  (a)  Scanning  electron  micrographs  of  a  SWNT  film  formed  on  a  gold  electrode  by 
applying  an  electric  field  at  150  V  for  10  min.  The  SWNT  film  was  ultrasonic  at  ed  (b)  for  2 
min,  (c)  for  3  min  and  (d)  for  5  min  in  HPLC-grade  dimethyl  formamide.  (The  inset  of  Figure 
2(c)  is  a  magnified  image  of  Figure  2(c)  and  the  arrow  indicates  the  three-bundles-folded 
structure.)  (e)  45°  tilt  picture  of  Figure  2(c)  and  (f)  Representative  Raman  spectrum  for  the 
electrodeposited  SWNT  film.  (The  inset  of  Figure  2(e)  shows  a  Raman  spectrum  in  the  radial 
breathing  mode  region) 
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Figure  3(a)  shows  the  extent  of  detachment  of  SWNT  bundles  with  ultrasonication 
time.  The  absorbance  intensity  at  1500  cm'1  for  SWNT  films  decreases  gradually  with 
increasing  ultrasonication  time.  Although  the  SWNT  film  deposited  at  150  V  for  10  min 
presented  higher  intensity  (that  is,  higher  density)  than  the  film  at  50  V  for  10  min,  the 
absorbance  intensity  for  both  of  the  films  decreased  at  a  comparable  rate  with  increased 
ultrasonication  time.  Figure  3(b)  shows  that  a  great  number  of  SWNT  bundles  (>250 
bundles/pm2)  with  average  diameters  of  about  27  nm  were  exposed  to  the  surface  after  3  min 
ultrasonication.  In  fact,  controlling  the  density  of  carbon  nanotubes  on  surfaces  is  very 
important  for  many  applications,  especially  for  carbon-nanotube-based  fuel  cell  electrodes 
with  large  surface  areas  and  for  displays.  However,  the  number  of  exposed  SWNT  bundles 
was  small  (about  150  ±  20  bundles/pm2)  for  SWNT  films  ultrasonicated  for  0  or  2  min, 
presumably  because  of  the  shielding  effects  of  the  relatively  large  size  SWNT  bundles.  For 
SWNT  films  ultrasonicated  for  5  min,  the  surface  density  of  SWNT  bundles  was  reduced  by 
desorption  of  SWNT  bundles. 
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Figure  3.  (a)  Trends  in  infrared  absorbance  of  SWNT  films  deposited  at  150  V  and  at  50  V  vs. 
ultrasonication  time.  The  infrared  absorbance  was  obtained  from  attenuated  total  reflectance 
spectra  (SENSIR  IlluminatIR  spectrometer)  of  the  SWNT  films.  The  band  at  1500  cm'1 
corresponds  to  the  stretch  mode  of  the  aromatic  carbon-carbon  bond,  (b)  The  variation  of 
SWNT  density  (CNT  bundles/pm2)  obtained  from  counting  CNT  bundles  and  of  average 
diameter  of  SWNT  bundles  (nm)  with  ultrasonication  time.  The  solid  line  shows  the  variation 
in  density  and  the  dashed  line  the  average  diameter. 

By  comparing  images  obtained  by  different  and  complementary  methods  (Figures  2 
and  4),  we  have  found  that  the  morphology  of  the  SWNT  films  obtained  by  tapping  mode 
atomic  force  microscopy  (TM-AFM)  can  be  misleading.  Although  Figure  2(a)  shows  no 
SWNT  bundles  aligned  normal  to  the  surface,  3-dimensional  (3D)  displays  of  TM-AFM 
topography  images  of  the  film  appeared  to  show  needle-like  protrusions,  which  can  be 
mistaken  for  vertically  aligned  SWNTs.  In  addition,  3D  displays  of  AFM  images  are  usually 
presented  with  distorted  perspective,  compressed  in  the  laterally  scanned  xy  plane  and 
expanded  in  the  z  direction,  normal  to  the  surface.  In  fact,  there  have  been  several  previous 
reports  that  included  needle-like  3D  TM-AFM  images  as  evidence  of  vertically  aligned 
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carbon  nanotubes  through  post-synthesis  treatments  including  self-assembly  and 
electrophoretic  methods. [2b’4b’191  Based  on  the  results  shown  here,  we  do  not  believe  that  AFM 
measurements  alone  are  sufficient  to  indicate  alignment  normal  to  the  surface.  When  we 
fabricated  carbon  nanotube  films  (SWNT-COC1)  on  amine-functionalized  Si  substrates,  we 
were  able  to  obtain  SWNT  bundles  aligned  normal  to  the  surface  as  determined  from  both 
SEM  and  TM-AFM  images.  Figures  4(a)  and  4(b)  show  2D  and  3D  displays  of  AFM  images 

(XE-100,  PSIA  Inc.,  Korea)  of  self-assembled  SWNT  films  with  scan  sizes  of  10x10  pm2  and 
2x2  pm2,  respectively.  Previous  reports  typically  showed  what  appeared  to  be  needle-like 

protrusions  of  nanotubes  in  3D  displays  of  AFM  images  (typically  with  scan  areas  of  10x10 

pm2),  similar  to  Figure  4(a)  (3D  display).  The  2D  display  of  Figure  4(a),  however,  shows 
randomly  and  horizontally  aligned  SWNTs  and  some  particles,  as  confirmed  in  the 
corresponding  SEM  image  recorded  at  approximately  the  same  scale  (Figure  4(d)).  Fikewise, 
TM-AFM  images  Figure  4(b)  and  corresponding  SEM  images  Figure  4(e)  were  both  recorded 

with  scan  areas  of  2x2  pm2  to  compare  with  Figure  4(c),  which  was  obtained  from  scanning 

the  same  area  for  the  vertically  aligned  SWNT  films  scanned  with  TM-AFM  and  shown  in 
Figure  2(e).  It  was  found  that  the  2D  and  3D  displays  of  TM-AFM  images  of  the  vertically 
aligned  SWNT  film  (Figure  4(c))  were  much  different  than  those  of  self-assembled  SWNT 
films.  Although  the  2D  displays  of  TM-AFM  images  of  the  vertically  aligned  SWNT  film 
(Figure  4(c))  show  only  dot-like  structures,  those  of  the  self- assembled  SWNT  films  (Figure 
4(b))  show  structures  similar  to  those  of  Figure  4(a).  This  means  that  the  3D  displays  of  AFM 
images  do  not  necessarily  represent  the  structure  of  the  surface,  and  therefore  should  not  be 
used  as  diagnostics  of  nanotube  alignment. 
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In  addition,  we  found  that  TM-AFM  images  of  the  vertically  aligned  SWNT  film  were 
often  distorted.  We  posit  that  this  originates  from  contact  between  the  flexible  SWNT  bundles 
with  the  hard  AFM  tip  during  operation  in  tapping  mode  as  suggested  in  Figure  4(f).  Soft 
materials  like  proteins  have  also  been  shown  to  yield  distorted  images  because  of  interactions 
between  the  AFM  tip  and  the  flexible  samples. [20]  Further,  the  vertically  aligned  SWNT 
bundles  appeared  to  be  nearly  in  contact  with  one  another  in  TM-AFM  images  (e.g.,  Figure 
4(c))  even  though  there  were  uniform  spaces  (several  tens  of  nm)  between  them  as  shown  in 
Figure  2(e).  This  originates  from  the  convolution  of  the  tip  and  sample  geometries,  which 
does  not  allow  an  AFM  tip  to  penetrate  into  such  narrow  spaces  on  the  vertically  aligned 
SWNT  films.  (Figure  S3)  Therefore,  the  apparent  depths  and  widths  of  the  spaces  are 
underestimates  of  their  true  values  due  both  to  interactions  of  the  AFM  tip  with  the  SWNT 
bundles  and  to  the  convolution  of  the  tip  and  sample  geometries. 
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(d)  (e)  (f) 

Figure  4.  2D  and  3D  tapping  mode  AFM  images  of  SWNTs-COCl  self- assembled  on  amine- 
functionalized  Si  substrates  with  scan  sizes  of  (a)  10x10  pm2  and  (b)  2x2  pm2,  and  of  (c) 


2 

vertically  aligned  SWNT  film  (scan  size,  2x2  pm  )  shown  in  Figure  2(e).  SEM  images  of  the 

self-assembled  SWNT  films  with  a  scan  size  of  (d)  about  10x10  pm2  and  (e)  about  2x2  pm2. 

(f)  Schematic  showing  the  interaction  between  a  hard  AFM  tip  and  a  flexible  vertically 
aligned  SWNT  bundle  while  scanning  with  tapping  mode  AFM. 
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In  conclusion,  we  have  introduced  a  novel  and  simple  method  for  fabricating  large 
area,  vertically  aligned  SWNT  films.  Ultrasonic  treatment  after  electrophoretic  deposition 
enables  randomly  deposited  SWNT  bundles  to  be  aligned  normal  to  the  electrode,  distributed 
over  large  areas.  This  simple  method  may  prove  useful  in  the  fabrication  of  carbon  nano  tube- 
based  electron  emission  devices  or  fuel  cell  electrodes.  We  have  confirmed  the  structures  and 
alignment  of  the  SWNT  bundles  using  both  SEM  and  TM-AFM  imaging. 


Experimental  Section 

As-grown  single- walled  carbon  nanotubes  (Carbon  Nanotechnologies,  Inc.,  HiPco  SWNTs) 
were  treated  at  elevated  temperature  and  then  shortened  by  processing  using  oxidizing  acid.[12]  The 
collected  SWNTs  after  filteration  were  weighed  and  then  immersed  into  SOCl2  at  70  °C  for  24  hr  to 
convert  the  carboxylic  acid  groups  into  the  corresponding  acyl  chloride.  After  completion  of  the 
reaction,  the  black  SWNTs-COCl  suspension  was  centrifuged  at  5000  rpm  for  a  few  hours  to  eliminate 
remaining  reactants  (the  upper  solution),  and  then  diluted  with  dimethylformamide  (DMF,  0.001% 
water).  After  repeating  the  process  a  few  times,  we  could  obtain  the  SWNTs-COCl/DMF  solution  with 
a  small  amount  of  SOCl2  (pH  =  7  ~  7.5).  A  gold-coated  substrate,  obtained  by  thermal  evaporation 
with  an  adhesive  layer  of  chromium  on  Si/Si02,  was  immersed  in  5  mM  cysteamine/ethanol  solution 
for  20  min  to  obtain  a  cysteamine  self-assembled  monolayer.  The  electrophoretic  deposition  was 
conducted  in  a  quartz  cell  (1  X  1  X  2.5  cm3)  containing  two  electrodes  separated  by  Teflon  spacers. 
After  deposition  process,  the  electrodes  were  rinsed  thoroughly  with  DMF  and  ethanol.  Ultrasonic 
irradiation  (Branson  2510  sonicator  bath  operating  at  40  KHz)  was  engaged  to  induce  reassembling  of 
nanotube  bundles  in  the  SWNT  film.  The  SWNTs-deposited  electrode  was  immersed  in  the  beaker 
containing  DMF  followed  by  placing  the  beaker  in  the  sonicator  bath.  After  sonication,  the  electrode 
was  rinsed  again  with  DMF  and  ethanol  and  then  dried  under  the  nitrogen  stream.  The  SWNT  film 
was  characterized  by  using  a  Raman  confocal  scanning  microscope  (Nanofinder  30,  Tokyo 
Instruments,  Inc)  by  exciting  with  the  488  nm  (Sapphire)  radiation  line.  To  remove  an  appreciable 
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peak  shift  caused  by  laser  heating,  low  power  (1  mW)  was  employed  on  the  sample  surface  with  an 
exposure  time  of  10  sec.  To  fabricate  a  SWNT  film  using  self-assembly,  the  surface  of  an  oxidized 
silicon  wafer  (SKVSiflOO))  was  treated  with  (3-aminopropyl)triethoxysilane  for  1  h  in  solution.  The 
amine  group-terminated  Si  substrate  was  exposed  to  the  SWNT-COC1  suspension  under  stirring  for  12 
h. 
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AFM  &  SEM  images  of  shortened  SWNTs 


Figure  SI.  (A)  Low  resolution  &  (B)  magnified  AFM  images  and  (C)  SEM  image  of  the 
shortened  SWNTs  spread  on  a  substrate. 


The  shortened  and  functionalized  SWNTs-COCl  were  spread  on  a  substrate  in  order  to 
confirm  the  reduced  size  of  the  SWNTs,  as  shown  in  Figure  SI.  From  the  AFM  images,  the 
lengths  and  diameters  of  the  SWNT  bundles  after  the  shortening  process  were  predominantly 
smaller  than  1  pm  (typically  600  ±100  nm)  and  50  nm  (typically  35  +  10  nm),  respectively. 
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SWNT  film  electrodeposited  in  the  narrow  gap  (3.32  mm) 


Figure  S2.  Scanning  electron  micrograph  of  a  SWNT  film  electrodeposited  by  applying  an 
electric  field  of  50  V  for  10  min  to  the  3.32  mm  gap  between  the  two  electrodes. 


Model  tip  convolution 


Cone  mfile  20“ 


Radius 
IQ  urn 


D  =  0.'281i+  14  (h  6.6  nm) 

Figure  S3.  Schematic  of  the  conical  tip  geometry  used  for  imaging  SWNT  films  in  tapping 
mode  AFM.  The  model  tip  has  a  cone  angle  of  20°  and  a  radius  of  10  nm.  The  relation 
between  tip  width  (D)  and  height  (h)  is  expressed  as:  D  =  0.728  •  h  + 14  (h  >  6.6  nm). 
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Magnified  image  of  a  vertically  aligned  SWNT  film 


(a) 


Figure  S4.  (a)  Scanning  electron  micrographs  of  a  SWNT  film  after  ultrasonication  for  3  min. 
The  film  was  formed  on  a  gold  electrode  by  applying  an  electric  field  at  150  V  for  10  min.  (b) 
Magnified  image  of  Figure  S4(a).  (The  arrows  indicate  the  three-bundles-folded  structures). 


21 


Figure  S4  shows  details  of  Figure  2(c).  The  uniform  SWNT  film  in  Figure  S4  was 
electrodeposited  on  the  cathode  at  a  DC  voltage  of  150  V  for  10  min  and  then  ultrasonicated 
for  3  min.  The  SWNT  bundles  were  well  distributed  with  uniform  space  between  the  bundles 
and  mostly  aligned  in  the  direction  normal  to  the  surface.  The  arrows  in  Figure  4(b)  indicate 
the  three-bundles-folded  structures  that  can  be  observed  only  in  standing  structures. 


Infrared  absorbance  of  SWNT  films 
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Figure  S5.  Variation  in  infrared  absorbance  of  SWNT  films  electrodeposited  at  150  V  and  at 
50  V  with  ultrasonication  time.  The  infrared  absorbance  was  obtained  from  attenuated  total 
reflectance  spectra  (SENSIR  IlluminatIR  spectrometer)  of  the  SWNT  films.  The  band  at  1500 
cm'1  corresponds  to  the  stretch  mode  of  the  aromatic  carbon-carbon  bond. 
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